High-power dual-wavelength diode-pumped Yb:KGW laser using a single birefringent filter plate was demonstrated. Two oscillating wavelengths maintained the same polarization and stable dual-wavelength operation at 1014.6 and 1041.3 nm (7.57 THz of frequency offset) with 3.4 W of average output power and a diffraction-limited beam profile was obtained. Dual-wavelength laser operation at shorter-or longer-wavelength pairs with lower average output power could also be realized for other output-coupling transmissions. Continuous-wave (cw) dual-wavelength lasers with wavelengths separated by a few THz have established their applications in THz imaging and spectroscopy [1, 2] . Dual-wavelength laser action has been reported in a number of laser crystals such as Nd:YVO 4 [3] and Nd:GdVO 4 [4] where the generated wavelengths were set by the specific laser-cavity optics design and the intrinsic properties of the gain media, which typically have multiple well defined laser transitions (e.g., 912 and 1064 nm). On the other hand, simultaneous cw dual-wavelength oscillation is possible by providing the same lasing threshold condition and net-gain equalization for two particular spectral lines within one sufficiently broad-gain bandwidth. This approach is possible with broad-gain bandwidth laser materials such as Yb-ion or Ti:Sapphire. Tunable cw dual-wavelength lasers based on a Yb:KGdWO 4 2 (Yb:KGW) crystal have been demonstrated by using chirped-volume Bragg gratings [5] and glass etalons [6] where the generated wavelengths were independently tunable with variable separation up to 7.8 and 3.1 THz, respectively. These laser systems, however, required rather complex design in terms of the number of optical elements used in the cavity for tuning of the wavelengths, requirements for spatial separation of the two generated wavelengths, and the custom designed pump-shaping system.
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Recently, a cw dual-wavelength laser has been reported in a diode-pumped Yb:KGW laser without employing any additional elements for polarization control [7] . By using the polarization-dependent reabsorption loss as a mechanism to reach gain equalization, two orthogonally polarized laser lines along the N m and N p axes were generated. The polarizationdependent reabsorption loss originated from the anisotropic thermal lensing effect and the dual-wavelength operation was controlled by the pump power in certain pump-power ranges. A dual-wavelength oscillation at 1028.7 nm (E//Nm) and 1037.5 nm (E//Np) with 4.6 W of output power using 5% output coupling could be generated and the wavelength separation slightly depended on the output coupling level. Similar thermal-lens driven polarization switching in dualwavelength operation was also observed in a Tm:KLWO 4 2 laser [8] .
As a more convenient approach dual-wavelength laser action can be realized by means of a birefringent filter (BRF) when its wavelength-dependent loss in a laser cavity results in the netgain equalization for two wavelengths. A multiple-plate BRF was recently used with a Ti:Sapphire laser to generate wavelengths with fixed separation of around 2 nm and tunable between 805 and 840 nm [9] . In this case however, a custom-built multiplate BRF required a sophisticated design procedure. At the same time this approach has not yet been reported with diode-pumped Yb-doped laser crystals. Among the Yb-doped gain media, the laser crystal of Yb:KGW attracts attention due to its high emission cross-section (2.8 × 10 −20 cm 2 for polarization along its N m axis) and fairly broad amplification bandwidth (∼20 nm) with small intrinsic quantum defect [10] . These properties allow the use of a wavelength-dependent loss optical component such as a birefringent filter in order to generate two distinct wavelengths within the available gain bandwidth. Since the free spectral range (i.e., separation of transmission peaks) of a single plate BRF depends on its thickness, it is possible to find a condition when it can be accommodated by the available gain bandwidth, thus greatly simplifying the design of a dual-wavelength laser.
In this work a high-power cw dual-wavelength Yb:KGW laser was demonstrated using a single birefringent filter plate. With an N g -cut crystal, the generated wavelengths had the same polarization along the N m axis of the crystal and a stable laser operation at 1014.6/1041.3 nm wavelengths with 3.4 W of average output power using a 4 mm thick birefringent filter plate was demonstrated.
The wavelength-dependent loss property of a BRF originates from the wavelength-dependent phase retardation caused by its birefringent structure and can be expressed as [11] φ sin 2 γkδl ∕ cos ϕ; sin 2 γ cos 2 θ sin 2 α cos ϕ cos θ cos α − sin ϕ sin θ 2 ;
(1)
where φ is the phase retardation due to birefringence, k is the wavenumber in vacuum, δ is the difference between the ordinary and extraordinary refractive indices (n e − n o ), l is the thickness of the filter plate, ϕ is the refraction angle of the ordinary ray, θ is the angle between the optical axis of BRF and its surface plane, and α is the angle between the optical axis of the crystal and plane of incidence (rotation angle). For a quartz BRF plate cut at its normal axis and placed at the Brewster's angle δ ≈ 0.009, ϕ ≈ 33°, and θ 0. The phase retardation results in a wavelength-dependent transmission profile exhibiting lowloss peaks at wavelengths whose separation is governed by the thickness of the filter and its orientation. The free spectral range of a BRF plate can explicitly be expressed as [12] Δλ λ
where ϕ B is the Brewster's angle, and λ 0 2λ 1 λ 2 ∕λ 1 λ 2 .
Consequently, for an appropriate thickness of the BRF, two low-loss transmission peaks can fall within the gain bandwidth of the laser crystal, which is necessary for dual-wavelength operation of a laser. A 5 mm long Yb:KGW crystal (Eksma) with a doping level of 1.5 at. % was cut along its N g axis and was antireflection coated for pump and laser wavelengths. The pump laser was delivered by a fiber-coupled laser diode (100 μm core, 0.22 NA, Apollo Instruments Inc.) and two achromatic doublets with 1∶3 imaging ratio focused the pump beam to a waist of 300 μm in diameter inside the crystal (see Fig. 1 ). The laser diode could provide up to 30 W of pump power. The laser diodes as well as the crystal were water-cooled at 16°C in order to stabilize the pump wavelength around 980 nm. In a Z-fold cavity the laser-mode size of 270 μm was formed for appropriate spatial-mode matching with the pump beam to maximize output power and avoid dual-wavelength operation observed in [7] .
In order to introduce a wavelength-dependent loss to the laser cavity, a quartz birefringent plate (Castech Inc.) with a thickness of 4 mm was placed at Brewster's angle in the long arm of the cavity before the output coupler. The output power and laser spectrum of dual-wavelength oscillation were recorded by a calibrated power meter and optical spectrum analyzer with a resolution of 0.07 nm, respectively.
The Ng-cut Yb:KGW crystal exhibited a strong absorption (∼50%-60%) of the unpolarized pump radiation around 980 nm [13, 14] . The cw laser could deliver up to 6 W of average power with laser polarization along the N m axis without the birefringent filter in the laser cavity. The Yb:KGW crystal exhibited a thermal-lensing effect that was measured to be around 100-150 mm of equivalent focal length [15] for the operating range of pump power. A wavelength-dependent loss was then introduced to the laser by inserting the BRF plate at the Brewster's angle. Therefore, the wavelengths that experienced the phase retardation of 2π were transmitted through the filter with low loss. In our configuration the 4 mm thick birefringent quartz plate could provide a wavelength separation up to 35 nm according to the Eq. (2).
A dual-wavelength Yb:KGW laser operation was realized with 5% output coupler at 1014.6 and 1041.3 nm (Δν 7.57 THz) with maximum average output power of 3.4 W at 27.9 W of pump power. The dual-wavelength operation for different pump powers is shown in Fig. 2 . The variation in average output power based on the measurement of standard deviation is also shown as error bars.
As can be seen, the variation in average output power decreases at high pump powers, which could equivalently be observed as relative instantaneous change of spectral amplitudes of the oscillating wavelengths (which was about 10%) using the spectrum analyzer. At each pump power level the BRF had to be slightly adjusted to maintain a ∼1∶1 spectral intensity ratio of the generated wavelengths. The lower limit of the pump power for dual-wavelength operation was imposed by the condition where simultaneous oscillation of wavelengths was not possible. The linewidths of the generated wavelengths were measured to be 0.07 nm and were limited by the resolution of our spectrometer. For 5% output coupling, the slope efficiency of 30% with respect to the pump power (55% with respect to the absorbed pump power in nonlasing condition) and optical-to-optical efficiency of 12.2% for the highestincident pump power (23.3% with respect to the absorbed pump power) was obtained. Our results represent an order Fig. 1 . Experimental setup of cw dual-wavelength Yb:KGW oscillator. AD, achromatic doublets; R1-3, concave mirrors; OC, output coupler. R1 300 mm, R2 300 mm, and R3 500 mm. of magnitude higher output power and ∼4 times higher opticalto-optical efficiency when compared to the values reported in [5] and [6] . In these cases total dual-wavelength output powers of 250 and 120 mW and optical-to-optical efficiencies of 6% (with respect to the absorbed pump power) and 3% (with respect to the incident pump power) were achieved, respectively. On the other hand, comparing with the optical-to-optical efficiencies of ∼16%-17% previously obtained by us in dualwavelength [7] and single-wavelength [13] regimes, our results indicate an increase in intracavity losses caused by the insertion of the birefringent filter.
In Fig. 2 the output beam profile at the highest output power is also depicted in the inset, which exhibited almost perfect Gaussian distribution along both axes. The M 2 beam quality factor was measured to be less than 1.2. The average output power of the dual-wavelength laser for different output coupling levels at the highest pump power of 27.9 W, as well as the corresponding generated wavelength pairs, are shown in Fig. 3 . The short wavelengths of the dual-wavelength laser between 1010 and 1018.8 nm and long wavelengths between 1038.5 and 1048.5 nm could be generated for these output couplers. The highest average output power of 3.4 W was obtained for the 5% output coupler.
As shown in Fig. 3(b) the generated wavelengths for higher output coupling were shifted toward shorter wavelengths while their separation remained almost constant. Since the effective gain of Yb:KGW as a quasi-three level laser medium is influenced by the reabsorption loss, it can be expressed as [13] g
where N 0 is the ground-state population set by the doping level, l c is the length of the laser crystal, β is the fractional population inversion, and σ em λ L and σ abs λ L are the emission and absorption cross sections at laser wavelength, respectively. A higher output coupling leads to a higher steady-state gain and a higher fractional population inversion β. In case of Yb:KGW, a higher gain exhibits a peak at shorter wavelength [13] and the observed wavelength shift in our laser is due to the shift in the peak of the effective gain of Yb:KGW for higher output coupling.
Since the free spectral range of a birefringent filter is inversely related to its thickness [Eq. (2)], the proposed approach allows changing of the wavelength separation by using filter plates with thicknesses other than 4 mm. Indeed, by using a 6 mm thick BRF, dual-wavelength laser oscillation was achieved with Δλ 16.7 nm, which corresponds to Δν 4.65 THz. This result is in good agreement with Eq. (2), which predicts a reduction in wavelength separation by a factor of 0.67 (Δλ 26.7 nm for 4 mm BRF). At the same time dual-wavelength generation was not feasible for a BRF plate with smaller thickness (e.g., 2 mm) the free spectral range of which became larger than the available effective gain bandwidth of the used Yb:KGW crystal.
In conclusion, a high-power dual-wavelength laser operation of a diode pumped Ng-cut Yb:KGW crystal using a single BRF plate was demonstrated. It exhibited stable oscillating wavelengths and a diffraction-limited output-beam profile. For pump power of 27.9 W, dual-wavelength laser radiation at 1014.6/1041.3 nm and 3.4 W of output power using a 5% output coupler could be generated. This represents an improvement of more than an order of magnitude in output power and ∼4 times in efficiency when compared to the previous results while using a significantly simpler laser design. The observed slope efficiency was 30% with the beam quality factor of less than 1.2. By using a higher output coupling, wavelength pairs at shorter wavelengths were generated with lower output powers. The demonstrated approach allows stable generation of dual-wavelength radiation with controllable spacing that can be achieved by varying the thickness of the employed BRF plate. We believe that the same technique can be also used with other gain media as well as fiber lasers. 
